Individual and sequential adsorption of the anionic surfactant sodium dodecyl sulfate (SDS) and the nonionic surfactant Triton X-100 on cationic and anionic polystyrene latexes has been examined. Both latex samples, although charged differently (−16.2 and +11.0 µC cm −2 ), must be considered hydrophobic polymer colloids. The adsorbed amounts of both surfactants on cationic and anionic latexes were found to be different as a consequence of the dissimilar interfacial properties of these two surfactants. In addition, a comparison between the two surfactants showed that SDS is more easily replaced than Triton X-100 when sequential adsorption on both latexes was studied. It was found that the electrophoretic mobility of surfactant latex complexes depends on the addition sequence order of both surfactants. In relation to colloidal stability, when a layer of a nonionic surfactant is adsorbed on the surface of latexes, the electrosteric mechanism explains the experimental results. If SDS is adsorbed the stabilization or unstabilization is a consequence of the changes in the electrical repulsion between particles. However, when both surfactants are adsorbed, the assumption of additivity is not correct; that is, the electrostatic repulsion (V R ) and the steric repulsions (V osm and V vr ) are not totally independent. C 2001 Academic Press Key Words: cationic and anionic polymer colloids; nonionic and anionic surfactant adsorption; sequential adsorption; colloidal stability.
INTRODUCTION
Surfactants have widespread industrial and technological applications. Detergency, pharmaceutical processes, foaming, emulsification, and lubrication are just a few examples of processes in which surfactants are used (1) . Most of their applications are related to colloidal science, in particular, with the adsorption of the surfactants at the solid-liquid interface, and with their effects on the colloidal stability of the complexes so formed. It is well known that, when the surfactant has been adsorbed in the appropriate amount and orientation, it modifies the interparticle interaction and can produce the desired aggregation or 1 To whom correspondence should be addressed. stabilization of the system. Non-ionic surfactants adsorbed onto colloidal particles can act as steric stabilizers (2) (3) (4) , and polyelectrolytes or ionic surfactants adsorbed cause electrostatic and steric effects, i.e., electrosteric stabilization (5, 6) .
It is commonly accepted in the field of surfactant science that mixtures of surfactants often perform better than the individual components (7) (8) (9) (10) , and there are studies about micelle composition and co-adsorption in mixed surfactant solutions (11) (12) (13) . However there is a lack of both theoretical studies and experimental results in the aggregation of colloidal particles when two surfactants are adsorbed below the CMC. This is why we have also tried to supply a theoretical analysis of this problem and to relate the theoretical predictions to those experimental results obtained by turbidimetry.
With this aim a nonionic and an anionic surfactant, Triton X-100 and sodium dodecyl sulfate (SDS), respectively, have been used to modify the interparticle interactions and, therefore, the colloidal stability of polymer colloids. Both surfactants were chosen mainly because, although charged differently (uncharged and negatively charged), they present a similar molecular area at the air/water interface ( ∼ =50Å 2 /molecule) and they are widely used in industrial applications of colloidal science. Also, recent advances in the preparation and characterization of polymer colloids have been applied, using latexes with different sign surface charge (cationic and anionic).
As an extension of the individual adsorption, the sequential adsorption of both surfactants onto the same latexes was also studied. Sequential surfactant adsorption is a two-step process. First, one type of surfactant is adsorbed onto latex particles. It is left there for a certain time after which a second surfactant is added to this surfactant-adsorbent complex. Adsorption of the second surfactant may involve partial or complete displacement of the surfactant pre-adsorbed.
Finally to fully understand the stability a quantitative description of the distribution of charges and potentials around the particles is essential (14) . Adsorption experiments have been combined with microelectrophoretic mobility measurements, allowing us to obtain information on the electrical double-layer structure as a function of the adsorbed amount of anionic and nonionic surfactant.
EXPERIMENTAL

Latex Particles
All of the latexes used were synthesized in our laboratory, using styrene as a monomer. The styrene (Merck) was previously distilled under low pressure (10 mm Hg and 40
• C). Negatively charged polystyrene latex, PS[−], was prepared by using 4,4 -azobis(4-cyanopentanoic acid) (ACPA) (from Aldrich) as initiator; therefore, there are only carboxyl groups on the surface of these colloidal systems (15) .
Positively charged polystyrene beads, PS[+], were synthetized by polymerization of styrene and the initiator azo-N ,Ndimethylene isobutyramidine hydrochloride (ADMBA) (Bayer) as previously described (16) . Two latexes were prepared by emulsifier-free emulsion polymerization in a discontinuous reaction. The reactor was a spherical vessel (volume of 1 L), and solutions were stirred with a Teflon palette located 1 cm over the bottom of the vessel.
The latexes were first cleaned by centrifugation at 15000 rpm three times and redispersed in water at acidic or basic pHs (PS [+] and PS[−], respectively) followed by serum replacement until the specific electrical conductivity of the supernatant was similar to that of the DDI water.
A complete characterization of both latexes was carried out. The main results, such as size, polydispersity index (PDI), and surface polar groups, are shown in Table 1 . Surface charge densities were determined by conductometric and potentiometric titration. Particle size was obtained by using two different methods: (i) transmission electron microscopy (TEM) and (ii) photocorrelation spectroscopy (PCS). Results taken from both methods were very similar.
Surfactants
SDS and Triton X-100 were supplied by Merck with a high grade of purity (for tenside test and gas chromatography-grade material, respectively). Due to the aromatic ring on the Triton X-100 molecules, the detection of this surfactant in aqueous media is possible by means of a direct spectrophotometry method. The concentrations of Triton X-100 were determined by using a UV spectrophotometer (Milton-Roy Spectronic 601) at 275 nm (17) .
The concentration of SDS was determined by the wellknown methylene blue method; a cationic dye (methylene blue) was added to the supernatant liquid, the non-ionic surfactant- cationic dye complex was extracted with chloroform, and the color in the CHCl 3 phase was measured by spectrophotometry at 652 nm. All of these analyses were carried out automatically by means of a flow injection analyzer (FIA) system (18) . Furthermore, the liquid extraction was also made automatically. The critical micelle concentration (CMC) of Triton X-100 was determined by measuring the absorbance at different concentrations. The change in the slope of the absorbance versus the concentration curve corresponds to the CMC. The CMC of the SDS was determined by measuring the conductivity at different concentrations. The change in the slope corresponds once again to the CMC. The CMC values obtained were 9.2 ± 0.3 × 10 −4 M (Triton X-100) and 9.8 ± 0.2 × 10 −3 M (SDS).
Adsorption Isotherms
Adsorption isotherms were determined by using the depletion method. Known volumes of polystyrene latex, surfactant, and pH = 7 buffer standard solutions were mixed. The amount of latex was chosen so that the overall area represented by the polystyrene particles was 0.3 m 2 . The adsorption cells were kept in a thermostatic bath. Previously, the kinetics of adsorption was examined to determine the best conditions for the adsorption experiments. The latexes were separated by centrifugation, and the surfactant concentrations were determined before and after the adsorption.
Electrophoretic Mobility
The electrophoretic mobilities were measured at 25
• C under different ionic strengths, using KBr as electrolyte, and the pH conditions were determined by using a Zeta-Siser IV (Malvern Instrument). The electrophoretic mobility values were obtained by taking the average of at least five measurements at the stationary level in a cylindrical cell. For the data shown throughout this paper the standard deviation was always lower than ±0.2 × 10 −8 m 2 V −1 s −1 . In these measurements the latex particle concentration was 0.03 mg ml −1 .
Colloidal Stability
The stability of the dispersions was evaluated with a Spectronic 601 spectrophotometer (Milton Roy, USA) by measuring the turbidity as a function of time for different electrolyte concentrations. In a typical coagulation experiment, 2.4 ml of a buffered latex solution (pH = 7) was put into the spectrophotometer cell and the optical absorbance was measured. Then, 0.6 ml of a potassium chloride solution at a given concentration was quickly added, and the resulting solution was mixed automatically. The final particle concentration in the cell was 10 10 part/ml. The optical absorbance was measured immediately and recorded continuously via a computer for a period of 30 s. The initial slope of these curves is directly proportional to the initial coagulation rate. Therefore, the stability can be expressed in terms of the stability factor W , obtained as the ratio of the rate constants for rapid and slow coagulation.
THEORETICAL BACKGROUND (1) DLVO Theory
The stability factor W has been used extensively in the literature to characterize the stability of hydrophobic colloids. The relationship between the net interaction energy (V ) and the W factor was obtained by Fuchs (19) ,
where H is the distance between the boundary of two spheres and V , according to the DLVO theory, is determined by two particle interaction energies, a repulsive (V R ) one and an attractive (V A ) one.
• V R is due to the overlap between the diffuse double layers of the particles and decays exponentially with the distance of separation. For moderate surface potentials V E is given by
where κ is the Debye parameter, z i is the valence of the ion, e, ε 0 , ε r , k B , and T have their usual meanings, and γ is given by
where d is the diffused potential. The diffused potential is related to the surface charge density (σ 0 ) by
and n 0 is the concentration of ions in the bulk for an 1:1 electrolyte.
• V A is due to the London-van der Waals (dispersion) energy and decays according to a power law,
where a is the particle radius and A is the Hamaker constant for particles interacting in the medium. Thus, V is given by
) DLVO Theory Considering Ion Size
If the Stern layer thickness is considered, Eq.
[6] must be modified since in the original DLVO theory the reference planes for attractive and repulsive energy coincide. However, Vincent et al. (20) refined this idea by shifting the reference plane for the repulsive energy outward over a distance corresponding to the thickness ( ) of the Stern layer. Taking into account this correction, the electrical double-layer repulsion between two equal spheres of radius a is given by
, [7] which should be introduced in Eq. [6] .
(3) Electrosteric Stabilization
Vincent et al. (21) made a quantitative study of the steric stabilization effect including two contributions: osmotic and coil compression. If there are polymeric chains covering the external surface of a particle, the average thickness of such coils being δ, then an osmotic effect will appear when the two particles are closer than a distance equal to 2δ. The osmotic pressure of the solvent in the overlap zone will be less than that in the regions external to it, leading to a driving force for the spontaneous flow of solvent into the overlap zone, which pushes the particles apart (22) . In that case the osmotic potential of repulsion (V osm ) can be considered to be
where v 1 is the molecular volume of the solvent, ϕ 2 is the effective volume fraction of segments in the adlayer, and χ is the Flory-Huggins solvency parameter. However, if the two particles are closer than a distance equal to δ, at least some of the polymer molecules will be forced to undergo elastic compression. Thermodynamically, this compression corresponds to a net loss in the configurational entropy. This effect gives rise to a new repulsion potential (V vr ) related to the restriction of the movement of the hydrophilic coils extended toward the solvent. This elastic-steric repulsion is given as
where ρ 2 and MW are the density and the molecular weight of the adsorbed polymer. This modifies the osmotic potential, which is now given by
To consider the electrosteric stabilization mechanism, both effects (electrostatic repulsion and steric stabilization) must be combined. Conventionally, the total interaction energy is assumed to be the sum of all of the attractive and repulsive potentials:
RESULTS AND DISCUSSION
(1) Adsorption Table 2 shows the results of the individual adsorption of SDS and Triton X-100. The amount of nonionic surfactant adsorbed on cationic latex is higher than that adsorbed on the anionic one. We can conclude that the cationic latex is more hydrophobic than anionic latex, as it is well known that the packing of the nonionic surfactant becomes more dense as the hydrophobic character of the surface increases (23, 24) .
When the surface and the surfactant have opposite sign charges (SDS on cationic latex), there is an important electrostatic contribution in the adsorption process. The maximum amount adsorbed (9.3 µmol/m 2 for the adsorption of SDS) corresponds to a charge density eight times higher than the charge on the latex surface. It suggests that small associates of surfactant molecules are formed on the surface by hydrophobic interaction between the hydrocarbon chains (25) . Thus, hydrophobic interaction plays an important role even when the surface and surfactant have opposite charges.
When the surfactant and surface have the same charge (SDS on PS[−]), the adsorption also occurs by hydrophobic interaction with the surface.
The confirmation of the adsorption of aggregates on the surface can be observed in Table 2 , since the areas occupied by SDS and Triton X-100 obtained in this study are smaller than those obtained at the air/water interface (26) . Figures 1-4 show the sequential adsorption of SDS and Triton X-100 on both latexes. In relation to the sequential adsorption, the results showed that the adsorption of a second surfactant on a latex-surfactant complex is higher when the amount of the first adsorbed surfactant is low and the replacement occurs gradually. 
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FIG. 1. Adsorption of SDS on PS[−] in the presence of preadsorbed Triton X-100: amount of SDS adsorbed (---) and Triton X-100 desorbed (--).
The experiments show that, when Triton X-100 is adsorbed on PS[−] first, the pre-adsorbed surfactant causes "blocking" of the adsorption of SDS added later (Fig. 1) . However, when SDS is added first it does not block the adsorption of Triton X-100; moreover, the non-ionic surfactant replaces the ionic SDS on the surface of the anionic latex ( Fig. 2) . The results confirm the previous hypothesis, which establishes that the adsorption of SDS on PS[−], as well Triton X-100, is mainly due to hydrophobic interaction.
Similar results were found regarding the adsorption on PS[+] latex. When Triton X-100 is adsorbed first, the electrostatic interaction SDS-latex appears, and a considerable amount of Triton X-100 is now desorbed (Fig. 3) . When SDS is preadsorbed, again, the replacement of SDS by Triton X-100 occurs; even the complete replacement of SDS is not attained (Fig 4) .
(2) Electrokinetic Characterization
The presence of both surfactants on the latex surface, obtained by sequential adsorption, has also been confirmed by electrophoretic mobility measurements. Table 3 shows the µ e of bare latex, SDS-latex, and Triton-latex complexes and the sequentially adsorbed Triton-SDS and SDS-Triton on both latexes at two different degrees of coverage. As expected the results show that the presence of SDS on the surface of both latexes is the most important factor determining the electrophoretic mobility of the complexes.
However, the most striking result was that the electrophoretic mobility of surfactant latex complexes depends on the order during the sequential adsorption; i.e., even when the final adsorbed amount of both surfactants is identical, the electrophoretic mobility is a function of the order of the adsorption. Thus, we can conclude that the conformation (and, therefore, the adsorption mechanisms) of both surfactants at the solid-liquid interface is quite different, depending particularly on the addition sequence. (28) . Therefore, these effects must be also included. Retardation has been taken into account, multiplying A v≥1 by the following function:
where the D(H ) function is equal to 6.044 × 10 7 h. The screening effect was considered, multiplying A v=0 by (1 + 2κ H )e −2κ H . In addition, by considering the ion size as a correction of the DLVO theory, the surface potentials were fitted Figures 5 and 6 show the experimental dependence of log W on log[KBr] for surfactant-latex complexes at different coverage degrees. Figure 7 shows the effect of the adsorption of SDS and Triton X-100 on the stability (CCC) of both latexes. As can be seen, the stabilization of latex suspensions was significantly affected by the adsorption of the surfactants. In this way, the adsorption of SDS on PS[+] made the dispersion unstable, while the adsorption of SDS on PS[−] and Triton X-100 on both latexes increased the dispersion stability (30, 31) . The adsorption of SDS at least modifies the electrical interaction between particles. Thus, by considering the ion size, the surface potentials were calculated by fitting the theoretical expression of W to the experimental values. The results are shown in Table 4 .
Surfactant-latex complexes stability.
The adsorption of SDS on PS[−] increases in absolute value the surface potential from −29 mV (bare latex) to −44 mV 
PS[+]
does not produce stabilization. The most striking result is that, even when the adsorbed amount increases fourfold, the potentials and the stability of the complexes are only slightly modified.
When a layer of a nonionic surfactant adsorbed on the surface of latexes exists in addition to all the corrections mentioned above, we must apply the electrosteric mechanism to explain the stability results found for the non-ionic/PS complexes. To fit the theoretical expression of W to the experimental values there are three more parameters, that is, the FloryHuggins solvency parameter (χ), the average thickness of surfactant chains covering the external surface of a particle (δ), and the effective volume fraction of segments in the external layer (ϕ 2 ). In this work, we have decided to keep constant the Flory-Huggins solvency parameter, χ = 0.45 (32) , and δ = 20 A estimated from electrokinetic measurements (33 On PS[+] the stability of the dispersion is mainly due to the amount of SDS that is on the latex surface. It should be noted that this effect is independent of which surfactant is adsorbed first (Figs. 8 and 9 ). On dispersions of PS[−] the adsorptions of both surfactants act in a different way. The stability of these surfactant-latex complexes is a consequence of the sequential adsorption of both surfactants; thus, when SDS is adsorbed first and the nonionic surfactant completely replaces the ionic SDS on the surface, the stability is due to the amount of Triton X-100 adsorbed. If the replacement is not total, the stability increases when the amount of SDS increases (Fig. 12 ). When Triton X-100 is adsorbed on PS[−] first, the preadsorbed surfactant causes "blocking" of the adsorption of SDS added later and the colloidal stability is mainly due to Triton X-100; therefore the stability increases when the amount of Triton increases (Fig. 11) .
In this paper we have applied the stability theories mentioned above to latex with SDS and Triton X-100 adsorbed. We have considered that the electrostatic repulsion (V R ) must be modified as a consequence of the presence of SDS on the surface. The adsorption of Triton X-100 affects the steric stabilization (V osm + V vr ). Thus, we have used the following: (1) DLVO theory corrected by the ion size ( = 0.133 nm) and the hydrodynamic effect.
(2) The surface potential obtained from bare latex or the values obtained by fitting parameter in the W versus [KBr] plots in the SDS adsorption (Table 4) .
(3) The effective volume fraction ϕ 2 obtained by fitting parameter in the W versus [KBr] plots in the Triton X-100 adsorption (Table 4) . Some results are shown in Fig. 12 . In this figure the KBr concentration in the bulk was taken as being equal to the experimental CCC for the surfactant-latex complexes. When there are both surfactants on the latex surface, the interaction potential barrier between two particles does not disappear at the experimental CCC; i.e., theoretically the complexes should present higher CCC values. However, when SDS is completely replaced with Triton X-100, the CCC condition (V = (dV /d H) = 0) is reached for the parameters obtained in the individual adsorption of the nonionic surfactant. In conclusion, when a nonionic and an anionic surfactant are adsorbed, the assumption of additivity made in this work is not correct; that is, the electrostatic repulsion (V R ) and the steric repulsions (V osm and V vr ) are not totally independent.
SUMMARY
Sequential adsorption experiments showed the following: (a) When SDS is added first it does not block the adsorption of Triton X-100. The nonionic surfactant replaces the SDS. The replacement is enhanced in the case of PS[−] latex due to electrostatic repulsion between SDS and the latex surface.
(b) When Triton X-100 is adsorbed first on PS[−], the preadsorbed surfactant causes "blocking" of the adsorption of SDS added later. On PS[+] the electrostatic attraction SDS-latex appears, and a considerable amount of Triton X-100 is now desorbed.
Electrophoretic mobility of surfactant latex complexes depends on the addition sequence during the sequential adsorption. Thus, the conformation of both surfactants at the solid-liquid interface is quite different, depending particularly on the order of the adsorption.
After adsorption of Triton X-100 and SDS on cationic and anionic latexes, two different colloidal stability behaviors were found for covered particles. The effect of the individual adsorption on colloidal stability can be explained by the extended DLVO theory. However, when both surfactants are adsorbed, the extended DLVO theory (by using the parameters obtained in the individual adsorption) and experimental values do not agree.
